The molecular mechanism (or mechanisms)
2) PQ, by inducing
PARAQUAT (l,1'-DIMETHYL-4,4'-BIPYRIDYLIUM dichloride; PQ)2 is a widely used and extremely effective herbicide (1) with a broad spectrum of activity. PQ is quite toxic and its toxicity on animals and humans has been exhaustively described (2) . Many cases of human death have been attributed to PQ poisoning (3) (4) (5) , whose main characteristic lies in the specificity of its anatomical target. In fact, PQrelated primary lesions, from both acute and chronic exposure, occur in the lung (4, (6) (7) (8) (9) . The lung's ability to accumulate this herbicide (10-13) probably causes the selectivity of the PQ-related toxicity. The molecular mechanism (or mechanisms) responsible for the toxicity of this chemical is far from being fully understood.
Several different possible pathways illustrating PQ biological activity have been outlined hut no general consensus exists to date. One possibility is that the PQ biological activity could be mediated by toxic oxygen free radicals (14-16), causing lipid peroxidation, which leads to cell death. Oxygen radicals are formed during PQ metabolism carried on by the microsomal enzyme system. The endoplasmic reticulum, in fact, was predicted to be structurally damaged by PQ (17) as well as by other microsome-metabolized chemical compounds (18) (19) (20) (21) (22) . In contrast to the above-mentioned microsome theory, Wang et al. (17) suggested mitochondria as the initial toxic site of PQ. Mitochondrial swelling and the selective breackage of these organelles supported the idea of a mitochondriamediated cell injury by PQ. The interference of PQ with the oxidative activityof eukatyotic cells is well established, since treatment with PQ is often used to experimentally induce cell oxidative stress (23, 24 
MATERIALS AND METHODS

Materials
Paraquat (methyl viologen
was purchased from Sigma (St. Louis, Mo.). Paraquat stock solution (20 mM) was prepared weekly by dissolving the herbicide in distilled water. PQ concentrations we considered ranged around the highest ones Used to treat cultured cells (30). All other reagents were of analytical grade. Pyrene-actin was prepared as described by Tellam and Frieden (41) . Pyrene-actin concentration and the pyrene/actin molar ratio were calculated from the absorbamwe at 290 and 344 run (42, 43) The spectrofluorotneter was equipped with a neutral density filter (50%) to avoid pvrene-actin photobleaching and with a cutoff filter (390 nm) to minimize light scattering.
Preparation of actin
Light scattering assay for actin polytnerization Actin polymerization was followed, at 25#{176}C. by checking the increase in the 90#{176} light scattering at 546 nm (48) . Light scattering intensities were expressed in arbitrary units (a.u.).
Light scattering assay for actin filament bundles
The formation of actin filament bundles was measured at 400 nm under a 90#{176} observation angle at 25#{176}C (49) . The light scattering intensity was expressed in arbitrary units.
High-shear viscometry
The addition, so they were subjected to shear only at the beginning of polymerization. The apparent viscosity of samples is given in seconds.
Electron mnicroscopy
Protein samples were dispensed in 5 pi ahiquots on collodion filmcoated grids by truncated pipette tips to avoid filament fragmentation. After 60 s, grids were dried from the side with filter paper and negatively stained with the addition of 5 j.tI of 1% uranyl acetate. After 10 s, excess stain was removed with filter paper. Staining procedure was repeated for five times. Specimens were air dried and observed at 80 kV with a JEOL 100-SX electron microscope.
Ultracentrifugation tests
In high-speed centrifugation tests, protein mixtures (1.6 ml) were centrifuged for 15 mm at 350,000 X g at 20#{176}C. Pellets were resuspended in 800 tl sample buffer and subjected to SDS-PAGE (7.5% gel) (38). Gels were stained with Coomassie brilliant blue R-250.
Monitoring of PQ concentration in aqueous solutions PQ in aqueous solutions was revealed by measuring the O.D. at 600 nm after the reduction of the herbicide with sodium dithionite in the presence of alkali (51) . When PQ is reduced in the above-mentioned conditions, a stable blue-violet radical cation forms. This cation strongly absorbs at 396 nm but also exhibits a less intense broad absorption in the visible region (600 nm). Considering our experimental conditions, we preferred to record O.D. values at 600 nm.
Protein/PQ binding assay
The ability of proteins to bind PQ has been tested by gel filtration. Briefly, proteins (actin, a-actinin, filamin, microtubule proteins, and BSA). 1 mg/mI in suitable buffers, were incubated overnight at 25#{176}C with PQ (1 mM). Experimental samples (5 ml) were then gel-filtered on Sephadex G-25 columns (1.6 X 45cm) to separate unbound PQ. Eluted fractions (1. Fluorescence data were obtained with a Kontron SFM 25 spectrofluorometer using 10 X 10 mm quartz cuvettes. Tryptophan fluorescence, in both native and PQ-treated actin samples, was excited at 300 nm, and intensity changes in the emission fluorescence were measured at all wavelengths ranging between 300 and 400 nm. Light scattering was observed at 300 nm (53). Spectra of PQ-treated actin samples were obtained taking into account the filtering effect of PQ on actin fluorescence intensity.
Peptide mapping Subtilisin
Carlsberg (from Bacillus lichenformts, Sigma) digestion was carried out at an enzyme/protein mass ratio of 1:1500 for 5 mm. (38) on 15% (w/v) polyacrylamide gels. Gels were stained with Coomassie brilliant blue G-250. Only trypsin-related digestion patterns are shown (see Fig. 3 ).
FITC-phalloidin binding test
It is well known that phalloidin, from the poisonous mushroom Amanita phalloides, selectively interacts with F-actin (54). Considering this specific interaction,
we set up a test in which actin samples (12 l.tM) in Cbuffer and incubated with different concentrations of PQ for 24 h were added to FITC-phalloidin solutions (1.2 l.tM, in C-buffer), whose previously determined fluorescence intensities (i.e., FITC-phalloidin concentration) were kept strictly similar (we did not use TRITC-phalloidin, since PQ influences its fluorescence emission). After mixing, actin/ phalloidin mixtures were immediately centrifuged (350,000 X g for 15 mm)and then fluorescent phalloidin concentrations were further tested in supernatants.
As phalloidin markedly increases actin assembly in the presence of salts (55), this test is appropriate only in depolymerizing conditions and after very short times of phalloidin/actin interaction.
FITC-phalloidin fluorescence anisotropy
The time scale of fluorescence emission of excited FITC-phalloidin molecules is comparable to that of their rotational diffusion in solution.
The polarization or anisotropy of the emission provides a measure of this process (56). When FITC-phalloidin molecules bind ordered, filament-like structures and are excited with vertically polarized light, the fluorophores are not able to rotate during the lifetime of the excited state. The emission is then polarized, usually in the vertical direction. The extent of polarization is most conveniently defined by the anisotropy (r):
where I refers to the intensities and subscripts indicate the parallel (II) or perpendicular (J..) component. A number of processes can result in the increase of anisotropy, the most common being the loss of rotational diffusion.
Actin/Si covalent cross-linking by EDC
All enzymatic digestions were carried out at the actin concentration of 24 p.M. at 25 #{176}C, in C-buffer.
All the enzymes were solubilized just before use and kept on ice before the digestion. To evaluate possible undesired effects of paraquat on the activity of the proteolytic enzymes, each enzyme activity was assayed digesting 1 mg/ml BSA in the presence or absence 1 mM paraquat. No differences were observed in BSA digestion products either in control or paraquat-treated samples (not shown).
Trypsin (from bovine pancreas, tosylphenylalanine-chloromethanetreated, Sigma) digestion was carried out at an enzyme/protein mass ratio of 1:25 for 15 mm. Digestion was stopped with 3X SDS-PAGE sample buffer; samples were immediately incubated for 5 mm at 90#{176}C.
The "rigor" complex occurring between actin and the myosin subfragment 1 (Si) could be stabilized by the cross-linking of its constituents with a zero-length cross-linker, 1-ethyl-3-[3-(dimethylamino) propyljcarbodiimide (EDC) (57). Actin sample (0.5 mg/mI in iO mM imidazole) assembly was induced by salt addition (native F-actin) or by overnight PQ treatment with different concentrations of the herbicide (PQ-mnduced formation of actin aggregates). Cross-linking has been carried on by the addition of 5 mM EDC to actinlSl mixtures (1:1, w/w). All samples contained 40 mM NaC1 in order to maintain the myosin head in solution. After 30 mm incubation at 25#{176}C, the cross-linking reaction was quenched by the addition of excess 3-mercaptoethanol. Cross-linked products were then analyzed by SDS-PAGE (38). The FASEB Journal MILZANI ET AL.
RESULTS
ProteinlPQ binding
The binding of PQ to different proteins has been checked by gel filtration on Sephadex G-25 columns. Some cytoskeletal proteins (G-actin, microtubule proteins, a-actinin and filamin) and BSA (i.e., an extracytoskeletal protein) were incubated overnight with PQ at 25#{176}C. Different mixtures were then gel-filtered.
Because of their different molecular sizes, proteins and unbound PQ are eluted from the chromatographic' gel with different speeds. In eluted fractions, the presence of both proteins and PQ has been revealed as previously reported (see Material and Methods). Figure  1 clearly shows that actin selectively binds PQ (Fig. 1A) , in contrast to other tested polypeptides ( Fig. 
1B-D).
In particular, MTP do not bind PQ (Fig. 1D) 
Peptide mapping of PQ-treated actin
The results from both binding assays and fluorescence emission spectra of PQ-treated actin samples suggest that actin selectively binds the herbicide, which causes actin structural changes resembling those occurring in G-actin during assembly.
To further investigate this aspect, we performed the enzymatic digestion of actin samples, tleate(l with different concentrations of PQ, by several proteases. Digestion patterns were then analyzed by SDS-PAGE. As shown in Fig. 3 . PQ-treated actin is, in general, markedly less sensitive than native actin to protease activity. Actin resistence to enzymatic digestion increases with PQ concentration.
As previously appreciated in both binding and intrinsic fluorescence assays, PQ-treated actin behavior to enzymatic digestion resembles that of polymeric actin. Perfect superimposition of electrophoretic patterns of digested BSA, in the presence or in the absence of PQ, indicates that the proteolytic activity of all proteases used is not influenced by PQ (not shown). by results from light-scattering (Fig. 7A) and low-shear viscometry (Fig. 7B) 
see Materials and Methods). F-actinlSl comple forma
was checked by SDS-PAGE. As shown in Fig. 9 , PQAAs interact with myosin heads, forming both 165 and 175 kDa complexes, indicative of F-actin formation. Traces of actin! Si complexes are also present in native G-actin samples. This is ascribable to the relatively high ionic strength (40 mM NaC1) of the buffer solution used to maintain Si in solution. These ionic conditions are able to promote a slow but appreciable formation of polymeric actin. However, significantly larger amounts of F-actinlSl complexes were formed in PQ-treated actin samples.
PQAAs as actin polymerization seeds
We know that in the presence of preformed actin polymers (polymerization seeds), actin assembly loses its characteristic lag phase. PQAAs, if really composed by F-actin, should function as actin polymerization seeds, increasing the polymerization rate of polymerizing native-actin samples. Surprisingly, mechanically undisturbed PQAAs fail Figure   5 . Electron microscopy. A) Negatively stained actin filaments formed in the presence of 2 mM MgCI2 + 100 mM KCI (Xi00,000).
B) PQ-induced actin aggregates (PQAAs) formed in C-buffer (depolymerizing conditions)
and in the presence of 2 mM PQ. Notice the cohesion of short, rod-like actin aggregates (X 100,000). to affect actin assembly.
Their addition to polymerizing actin samples, in fact, does not influence the actin polymerization rate (Fig. bA) .
In contrast, previously sonicated PQAAs markedly nucleate actin assembly (Fig.   lOB) . This unexpected behavior seems to resemble that of end-blocked actin filaments that regain their growing ability after mechanical fragmentation (i.e., after the formation of new growing free ends). In the electron micrographs (Fig. 5) , ii is evident that PQAAs appear to be filamentlike structures.
These filaments are not continuous but seem to he built up by the aggregation of many very short fragments (Fig. 5B) . Therefore, we suggest that PQAAs are constituted by the cohesion of very short actin polymers. This cohesion could imply the steric blockage of the growing ends of most of the actin fragments.
Sonication, by disrupting the cohesion among short actin polymers, favors the regaining of polymer growth.
DISCUSSION
Until now. redox cell systems have been considered to be the main target of PQ cytotoxicity (17) , but severe altera- B) The filarnin-induced network formation was monitored by low-shear viscometry. After the addition of filamin to PQ-treated actin samples. apparent viscosity in-(reases dramatically only in actin samples treated with PQ concentrations higher than 1 mM.
tions of the dynamic components of cytoskeleton (microtubules, MT; microfilaments, MF) have also been described (24, 30-32). All data regarding cytoskeleton sensitivity to PQ agree on the PQ-related disruption of cytoskeletal elements (30-32). Reconsidering their previous results (31, 32), Cappelletti et al. (24) have recently suggested that PQ does not act as an actin depolymerizing factor, but that it should be able to increase cell F-actin content. It is therefore clear that the mechanism (or mechanisms) at the basis of PQ cytotoxicity, and in particular, the PQ influence on cytoskeletal structures, remains quite obscure.
To clarify this matter, we tested the effect of PQ on actin dynamics in solution. As shown in Fig. 1 , actin selectively binds PQ (Fig. 1A) whereas other tested proteins seem to be refractory to the herbicide. In particular, the MTP failure in binding PQ (Fig. 1D) (Fig. 2 ) treated with increasing concentrations of PQ (from 0.1 to 2.0 mM). In comparing fluorescence emission spectra of treated actin samples with those of both native G-actin and F-actin, no spectral shifts have been detected. The maximum of fluorescence intensity decreases when actin assembly occurs (53) as well as when PQ concentration increases (Fig. 2) . Considering also that light scattering is appreciable both in native F-actin and in PQ-treated actin samples, PQ-related modifications of actin intrinsic fluorescence strongly resemble those occuring during G/F transition.
Similarly, digestion patterns of PQ-treated actins resemble that of native F-actin (Fig.  3) . Even if the incubation is shortened to 10 mm, "F-actinlike digestion patterns" are inducible (Fig. 3A) . PQ does not interfere with the proteolytic activity of the enzymes used here (not shown).
By binding G-actin, PQ (per se) is able to induce conformational changes in the protein spatial structure, thus favoring monomeric actin aggregation in G-buffer (depolymerizing conditions).
This raises the question of whether PQAAs are really built up by correctly structured F-actin. As clearly shown in Fig. 4B , 24 h exposure to PQ of actin samples (in G-buffer) results in an appreciable increase in both light scattering and specific viscosity. Moreover, PQAAs sediment (under centrifugation conditions routinely used for F-actin) (Fig. 4A) and are detectable by electron microscopy (Fig. 5 ). PQAAs bind F-actin cross-linking proteins, such as aactinin anti filamin (Fig. 6) . The observed interactions seem to occur correctly, since both actin bundles and networks probably form. In fact, Fig. 7A Fig. 8, 0 ). Phalloidin sedimentation is not due to a simple trapping, but reflects its specific binding to PQAAs. After fluorescent phalloidin addition to PQ-treated actin samples, in fact, fluorescence anisotropy increases (Fig. 8, A) , revealing that in solution, also, most of the fluorescent probe is orderly immobilized on PQAAs.
The Si of myosin represents the "physiological" ligand for F-actin.
We added Si to overnight PQ-treated actin samples, and then the PQAA/Si complexes formed were covalently cross-linked with EDC (57). SDS-PAGE revealed that Si markedly binds PQAAs, forming "rigor complexes"
like those occurring by the interaction between Sl and native F-actin (Fig. 9) . Considering the high specificity of the bond that both phalloidin (54) and Si (60) are aI)le to establish with F-actin, the above-mentioned experiments ( Fig. 8 and Fig. 9 ) strongly demonstrated the "F-actin spatial configuration" of PQAAs. PQAAs, however, seem unable to nucleate the assembly of native actin monomers (Fig. bA) . Only after sonication is the nucleating ability of PQAAs completely regained (Fig. lOB) . This could be explained by reconsidering PQAA electron micrographs (Fig. 5) . PQAAs, in fact, appear to be built up by the cohesion of very short actin polymers.
Most of the growing ends of these F-actin fragments could be sterically blocked and their growing ability restored after the fragment dispersion that follows mechanical stress (i.e., sonication 
